INTRODUCTION {#s1}
============

Hepatocellular carcinoma (HCC) is the third most common cause for cancer mortality worldwide \[[@R1]\]. Genetic and environmental factors are closely linked to the development of HCC and over 700,000 patients die of HCC annually \[[@R2]\]. Surgical resection only provides a treatment option for patients that are diagnosed at an early stage. For patients with advanced HCC, the introduction of sorafenib, a small molecular inhibitor for several kinase inhibitors that target VEGFR, PDGFR and RAF family kinases, may offer limited survival benefits \[[@R3]\]. Despite the recent progress in HCC diagnosis and treatment for this refractory disease remains unsatisfactory due to dismal prognosis and frequent recurrence. Thus, identification of novel targets and better understanding the underlying mechanism are urgently needed for effective therapeutic intervention in HCC.

Long non-coding RNAs (lncRNAs) are RNA transcripts that are longer than 200bp with no apparent protein-coding ability \[[@R4]\]. Normally, lncRNAs show a low level of sequence conservation across different mammalian species. However, their secondary structures, which are crucial for their function, tend to be conserved. As mentioned above, lncRNAs are regulatory RNAs, which are transcribed by RNA polymerase II/III. In comparison to protein-coding genes, lncRNAs often show low level of expression and exhibit tissue-specific expression patterns \[[@R5], [@R6]\]. Most of expressing lncRNAs are localized in the nucleus and some of them are exported to the cytoplasm \[[@R7]\]. They participate in a wide range of biological processes, including development, differentiation, stem cell pluripotency and reprogramming \[[@R8], [@R9]\]. In addition, they play vital roles in pathological status diseases, including cancer.

Accumulating evidence suggests that lncRNAs can affect a plethora of cellular functions and participate in diverse physiological and pathological processes \[[@R10]\]. The aberrant expression of lncRNAs has been demonstrated in multiple malignancies, including HCC \[[@R11]--[@R16]\], which provides new insights into the pathogenesis of cancer.

It is well established that Interferon(IFN), especially the type II IFN such as IFN-γ, plays a very important role in anti-tumor immunity. IFN-γ has been reported to repress cell proliferation and promote apoptosis in many types of tumors, such as HCC \[[@R17]\], ovarian cancer \[[@R18]\], bladder cancer \[[@R19]\], pancreatic cancer \[[@R20]\] and melanoma \[[@R21]\]. The NeST Long ncRNA has been reported to regulate expression of IFN-γ in bacteria and viral pathogens \[[@R22]\]. However, the potential role of lncRNAs involving IFN-γ in tumorigenesis such as HCC remains largely unknown. Thus, there is an urgent need to elucidate the regulation of lncRNAs by IFN-γ in HCC, which is critical for the identification of new therapeutic targets and genetic biomarkers in this lethal cancer.

LncRNA00364, as key regulator involved in controlling fundamental tumorigenesis processes, locates in the chromosome 13q21.32. However, LncRNA00364 expression and its regulatory pathway have not been largely studied in HCC. In the present study, we demonstrate that LncRNA00364 is downregulated in HCC compared to normal, and its overexpression inhibits cell proliferation, promotes cell cycle arrest and apoptosis. We also show LncRNA00364 predominantly localizes in the cytoplasm of HCC cells. In this study, we find that STAT3 can inhibit transcription of IFIT2. The knockdown of IFIT2 results in decreased apoptosis *in vivo and vitro*. Furthermore, mechanistic studies demonstrate that LncRNA00364 inhibits STAT3 phosphorylation and upregulates the IFIT2 expression.

RESULTS {#s2}
=======

Expression level of LncRNA00364 downregulated in HCC {#s2_1}
----------------------------------------------------

In order to systematically examine the effect of immunotherapy drug IFN-γ on gene regulation in HCC, we performed gene expression profiling of HepG2 treated with IFN-γ and revealed that IFN-γ treatment affected a variety of gene expression. Among them, LncRNA00364 mRNA displays the most robust regulation and IFN-γ induces its expression level by more than two folds (Figure [1A](#F1){ref-type="fig"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). To determine the functional significance of LncRNA00364 in HCC patients, we further analyzed the level of LncRNA00364 in HCC specimens by performing quantitative RT-PCR assays on 57 paired hepatocellular carcinoma vs adjacent liver tissues. Notably, LncRNA00364 was found to be down-regulated in HCC tumor tissues compared to paired adjacent liver tissues (Figure [1B](#F1){ref-type="fig"} and [1C](#F1){ref-type="fig"}, p\<0.01). To determine the role of LncRNA00364 in HCC development, we first examined the LncRNA00364 expression in commonly used HCC cell lines, HepG2, LM3, PLC, Hep3B and 7721 by quantitative RT-PCR assays. We found that LncRNA00364 had a relatively low expression in HepG2 cells, and relatively high expression in LM3 cells (Figure [1D](#F1){ref-type="fig"}), thus we chose these two cell lines in further studies. To validate our microarray data, we treated HepG2, LM3, PLC, Hep3B and 7721 cells with IFN-γ, and found that LncRNA00364 upregulated at the mRNA levels (p\<0.01, Figure [1E](#F1){ref-type="fig"}). Collectively, these observations indicated that LncRNA00364 was down-regulated in HCC cell lines and tumor tissues of HCC patients.

![Interferon-γ stimulated leads to LncRNA00364 upregulation in HCC\
**(A)** Heat map showing all the upregulated genes including LncRNA00364 induced by interferon --γ treatment in HepG2 cells based on microarray analysis. **(B, C)** Relative LncRNA00364 expression in 57 paired human HCC tissues and para-tumor tissues by qRT-PCR analysis, ^\*\*^p\<0.01. **(D)** LncRNA00364 mRNA expression in HCC cell lines including HepG2, PLC, Hep3B, 7721 and LM3 by using qRT-PCR. **(E)** LncRNA00364 mRNA expression in HCC cell lines treated with mock control or IFN-γ. ^\*\*^p\<0.01. Results were triplicate experiments with mean ± SD. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01.](oncotarget-08-102006-g001){#F1}

LncRNA00364 suppresses proliferation and promotes apoptosis of HCC *in vitro* and *in vivo* {#s2_2}
-------------------------------------------------------------------------------------------

We firstly evaluated the effects of LncRNA00364 on cell proliferation, apoptosis and cell cycle, and then stably introduced lentiviral vectors containing cDNA encoding the full lenghLncRNA00364 into HCC cell line HepG2 and LM3 via viral infections, and performed qRT-PCR to confirm LncRNA00364 expression in these cells (p\<0.01, Figure [2A](#F2){ref-type="fig"}). By using CCK-8 assays, we found stable expression of LncRNA00364 resulted in decreased cell growth (p\<0.01, Figure [2B](#F2){ref-type="fig"}), increased apoptosis (p\<0.01, Figure [2C](#F2){ref-type="fig"}), and a defect in G1/S transition in both HepG2 and LM3 cells (Figure [2D](#F2){ref-type="fig"}). In addition, we examined the cellular location of LncRNA00364 by using RNA FISH (fluorescent in situ hybridization), we found that LncRNA00364 displayed a predominant cytoplasmic localization in HepG2 cells (Figure [2E](#F2){ref-type="fig"}). To determine the effects of LncRNA00364 in HCC development *in vivo*, Consistently with our observations *in vitro*, overexpression of LncRNA00364 significantly decreased tumor growth and induced apoptosis over time compared to the vector control (Figure [2F, 2G](#F2){ref-type="fig"} and [2H](#F2){ref-type="fig"}).

![LncRNA00364 inhibits proliferation and promotes apoptosis of HCC cells *in vitro* and *in vivo*\
**(A)** The expression of LncRNA00364 in HepG2 and LM3 cell lines, ^\*\*^p\<0.01. **(B)** Cell proliferation detected by CCK-8 assay in each line as indicated, ^\*\*^p\<0.01. **(C)** Cell apoptosis detected by Annexin-V-FITC assay in each cell line as indicated, ^\*\*^p\<0.01. **(D)** Cell cycle detected by PI staining assay in each cell line as indicated. **(E)** RNA FISH analysis of LncRNA00364 localization in HepG2 cells. **(F)** The average volume of tumors between the LncRNA00364 overexpression and control groups from six independent experiments, ^\*\*^p\<0.01 (n=6) compared with vector group. **(G)** Expression of LncRNA00364 was analyzed in the tumor xenografts tissues from mice by qRT-PCR, ^\*^p\<0.01. **(H)** The apoptosis expression of the tumor xenografts tissues from mice was detected by TUNEL assay, ^\*\*^p\<0.01. Results were triplicate experiments with mean ± SD. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01.](oncotarget-08-102006-g002){#F2}

LncRNA00364 suppresses IFN-γ-stimulated STAT3 phosphorylation by directly interacting with STAT3 {#s2_3}
------------------------------------------------------------------------------------------------

To elucidate the molecular mechanism of LncRNA00364 in HCC, we examined the potential effect of LncRNA00364 on the JAK/STAT signaling given its important role in HCC \[[@R23]--[@R25]\]. Firstly, we examined the effects of LncRNA00364 on the phosphorylation status of STAT1, STAT3 and AKT by western blot in HepG2 and LM3 cells. Interestingly, LncRNA00364 overexpression led to decreased phosphorylation of STAT3 while not affecting STAT1 or AKT phosphorylation (Figure [3A](#F3){ref-type="fig"}). As a complementary approach, we depleted LncRNA00364 by using the validated specific siRNA and found that STAT3 phosphorylation is upregulated (Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure 1A](#SD1){ref-type="supplementary-material"}).

![LncRNA00364 suppresses STAT3 phosphorylation on Tyr705\
**(A, B)** The protein level of STAT3, pSTAT3 (Tyr705), STAT1, pSTAT1 (Lys310), AKT and pAKT with LncRNA00364 overexpression or deficiency were analyzed by western blot assays. **(C)** Diagram showing the conserved STAT3 transcriptional response element of LncRNA00364. **(D)** RNA pull-down analysis to determine the interaction of phosphorylated STAT3 with mutated LncRNA00364 in HepG2 cells. **(E)** The distribution of pSTAT3 and STAT3 in cytoplasm and nucleus in HCC cells transfected with LncRNA00364 overexpression or vector by nucleocytoplasmic separation.](oncotarget-08-102006-g003){#F3}

Our data suggests that LncRNA00364 specifically inhibits STAT3 phosphorylation. The JAK1 mRNA expression was not apparently changed in cells overexpressing LncRNA00364 ([Supplementary Figure 1B](#SD1){ref-type="supplementary-material"}). To further analyze how LncRNA00364 regulates STAT3 phosphorylation, we identified an evolutionarily conserved STAT3 transcriptional response element in LncRNA00364(Figure [3C](#F3){ref-type="fig"}). Whereas the wild type LncRNA00364 probe could efficiently pull down STAT3 or phosphorylated STAT3 (Tyr705), the mutant probe that contains STAT3 response element mutations could not do so (Figure [3D](#F3){ref-type="fig"}), suggesting that LncRNA00364 can bind STAT3 directly. We further observed that LncRNA00364 overexpression inhibited the phosphorylation of STAT3 and its nuclear import in HepG2 and LM3 cells by nucleocytoplasmic separation (Figure [3E](#F3){ref-type="fig"}). Taken together, these data suggest that LncRNA00364 suppresses STAT3 phosphorylation by directly interacting with STAT3.

LncRNA00364 inhibits proliferation through upregulation of IFIT2 *in vitro* and *in vivo* {#s2_4}
-----------------------------------------------------------------------------------------

To identify the downstream targets of LncRNA00364 that mediate its phenotype on cell proliferation, we first examined the expression of the most commonly studied Interferon-stimulated genes(ISG) such as IFIT2, OAS1 and ISG15 to see if they were regulated by LncRNA00364-STAT3. Notably, overexpression of LncRNA00364 resulted in upregulated IFIT2 and downregulated p-STAT3 in HepG2 and LM3 cells (Figure [4A, 4B](#F4){ref-type="fig"} and [4C](#F4){ref-type="fig"}). while, STAT3 inhibitor Stattic could accelerate the upregulation of IFIT2 (Figure [4B](#F4){ref-type="fig"}). To further analyze how STAT3 regulates IFIT2, we transferred different length of IFIT2 promoter and STAT3 and Renilla (internal reference) in 293t cells, adding interferon treatment 12hrs by using the luciferase reporter system assay. The study found that 0.5kb can not be inhibited, and 1.0kb and 1.5kb can be significantly inhibited. The result showed that STAT3 inhibited IFTI2 mainly in 0.5 kb to 1.0 kb (Figure [4D](#F4){ref-type="fig"}). The experiment says that STAT3 can directly inhibit the transcription of IFIT2.

![LncRNA00364 increases apoptosis through upregulation of IFIT2 *in vitro* and *in vivo*\
**(A)** The protein levels of IFIT2, ISG15 and OAS1 with LncRNA00364 overexpression analyzed by western blot assays. **(B)** The p-STAT3 and IFIT2 protein level with LncRNA00364 overexpression or STAT3 inhibitor Stattic analyzed by western blot assays. **(C)** The mRNA levels of IFIT2, ISG15 and OAS1 with ectopic expression analyzed by Real-time PCR assays. **(D)** Luciferase reporter assay (RLA) in 293T cells co-transfected with the different length of IFIT2 promoter reporter gene, STAT3 and Renilla 24 h, treated with interferon-γ for 12 h. RLA is shown as the mean of three independent experiments ± SD. ^\*^*P* \<0.05, IFIT2 1.0Kb and 1.5Kb group compared with pGL3-basic group. **(E)** Luciferase reporter assay (RLA) in 293T cells co-transfected with the IFIT2 promoter reporter gene, mutation of STAT3 or WT, and Renilla 24 h, treated with interferon-γ for 12 h. RLA is shown as the mean of three independent experiments ± SD. ^\*^*P* \<0.05, WT group compared with T705F group. **(F)** IFIT2 expression in datasets of Kaiser, Hong and Gaedcke from the Oncomine database. ^\*\*^p\<0.01. **(G)** Expression of IFIT2 in 57 paired human HCC tissues and para-tumor tissues compared by real-time PCR, ^\*\*^p\<0.01. **(H)** qRT-PCR analysis of IFIT2 expression in 57 paired HCC tumor tissues and adjacent normal tissues. **(I)** The IFIT2 mRNA and protein levels were detected in the tumors from mice transplanted with LM3 cells stably transfected with LINC00364 or vector, ^\*\*^p\<0.01. **(J)** Cell apoptosis detected in LM3-LINC00364 and HepG2-LINC00364 cells transfected with control or ShIFIT2 by Annexin-V-FITC assay. **(K)** Apoptosis rate shown in the histogram as indicated, ^\*\*^p\<0.01. **(L)** Tumor volume and tumor growth curve shown in the xenograft models of nude mice subcutaneously transplanted with LM3-LINC00364 cells stably transfected with control or ShIFIT2, respectively. ^\*\*^p\<0.01. **(M)** Apoptosis detected by TUNEL assay in the above xenograft models as indicated. Scale bar is 50 μm. ^\*\*^p\<0.01. Results were triplicate experiments with mean ± SD. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01.](oncotarget-08-102006-g004){#F4}

In the 293t cells, we further transferred the IFIT2 1.5kb promoter and STAT3 (705 mutation and wild type) and Renilla (internal reference), adding IFN-γ. The result shows that STAT3 inhibits the transcription of IFIT2 mainly through the T705 site, mutating out of this site can not inhibit transcription (Figure [4E](#F4){ref-type="fig"}). This is also consistent with our data (Figure [3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}).

On the other hand, overexpression of LncRNA00364 fail to show any apparent effects on the expression of OAS1 and ISG15 (Figure [4A](#F4){ref-type="fig"} and [Supplementary Figure 1C](#SD1){ref-type="supplementary-material"} and [1D](#SD1){ref-type="supplementary-material"}), suggesting its specific effect on IFIT2. IFIT2 is well known as an important inducer of apoptosis and therefore serves as an important tumor suppressor \[[@R26]--[@R28]\]. To examine the physiological relevance of IFIT2 in HCC, we examined its expression in normal and HCC patients in several independent datasets available through the oncomine database. Our data analyses showed that IFIT2 was downregulated in HCC tumors compared to normal patients (Figure [4F](#F4){ref-type="fig"}), which is consistent with LncRNA00364 expression pattern between HCC tumors and normal tissues. To strengthen our findings, we also performed real-time PCR assays on 57 paired HCC tumors and adjacent normal tissues (para-tumor). Consistent with previous results, the expression of IFIT2 was downregulated in tumor compared to para-tumor (p\<0.01, Figure [4G](#F4){ref-type="fig"} and [4H](#F4){ref-type="fig"}). In xenograft tumors derived from cell lines that contain either control or LncRNA00364 overexpression vector, the expression of IFIT2 was examined by qRT-PCR and Western-blot assays. IFIT2 mRNA and protein levels were significantly higher in tumors formed from cells overexpressing LncRNA00364 compared to the vector controls (Figure [4I](#F4){ref-type="fig"}). To further evaluate the apoptosis promotion of IFIT2 *in vivo and vitro*, we knocked down IFIT2 and found that apoptosis decreased in the LM3-LINC00364 and HepG2-LINC00364 cells (p\<0.01, Figure [4J](#F4){ref-type="fig"} and [4K](#F4){ref-type="fig"}) in vitro. Consistently with vitro, IFIT2 knockdown resulted in increased tumor growth (p\<0.01, Figure [4L](#F4){ref-type="fig"}) and decreased apoptosis (p\<0.01, Figure [4M](#F4){ref-type="fig"}) in tumors from nude mice transplanted with LM3-LINC00364-ShIFIT2 cells compared to control group. Taken together, these data demonstrate that IFIT2 may be served as a downstream target gene of LncRNA00364-STAT3 which mediating HCC proliferation *in vitro* and *vivo*.

LncRNA00364 positively correlates with IFIT2 and its lower expression predicts worse prognosis in HCC patients {#s2_5}
--------------------------------------------------------------------------------------------------------------

To evaluate the clinical relevance of LncRNA00364 and IFIT2/ISG54, Real-time PCR assays were performed on 57 paired HCC specimens. Regression analysis showed that a significantly positive correlation between the level of LncRNA00364 and IFIT2 in HCC samples (Figure [5A](#F5){ref-type="fig"}, p\<0.01).

![LncRNA00364 positively correlates with IFIT2 and its lower expression predicts worse patient prognosis in HCC\
**(A)** Significantly positive correlation between LncRNA00364 and IFIT2 in HCC samples. (^\*\*^p\<0.01, n=57). **(B, C)** The correlation between LncRNA00364 and OS, TTR in HCC samples. (OS ^\*^p=0.015, n=157; TTR ^\*^p=0.017, n=157).](oncotarget-08-102006-g005){#F5}

We further explored the clinical implications of LncRNA00364 expression in HCC patients. The cohort of 157 HCC patients was divided into low and high expression groups according to the median of LncRNA00364 level in tumors. Our detailed analyses showed that LncRNA00364 level remarkably correlated with several tumor characteristics (Table [1](#T1){ref-type="table"}), including tumor size (P= 0.001), tumor encapsulation (P = 0.027) and HBeAg expression (P=0.002).

###### Correlation between the factors and clinicopathologic characteristics in HCC (n=157)

  Clinicopathological indexes   Lncrna00364        
  ----------------------------- ------------- ---- -----------
  **Age(year)**                 26            28   0.411
   **≤50**                      53            50   
   **\>50**                                        
  **Sex**                       9             16   0.132
   **Female**                   70            62   
   **Male**                                        
  **HBsAg**                     6             9    0.285
   **Negative**                 69            73   
   **Positive**                                    
  **HBcAb**                     44            38   0.237
   **Negative**                 35            40   
   **Positive**                                    
  **HBeAg**                     75            61   0.002
   **Negative**                 4             17   
   **Positive**                                    
  **HBV-DNA**                   50            49   0.541
   **Negative**                 29            29   
   **Positive**                                    
  **HCV**                       76            76   0.506^\*^
   **Negative**                 3             2    
   **positive**                                    
  **AFP (ng/ml)**               47            41   0.238
   **≤20**                      32            37   
   **\>20**                                        
  **TB(umol/L)**                73            67   0.146
   **≤20**                      6             11   
   **\>20**                                        
  **ALT(U/L)**                  67            63   0.323
   **≤50**                      12            15   
   **\>50**                                        
  **PALB(g/L)**                 20            21   0.481
   **≤0.25**                    59            57   
   **\>0.25**                                      
  **ALB(g/L)**                  27            17   0.06
   **≤35**                      52            61   
   **\>35**                                        
  **GGT (U/L)**                 57            54   0.410
   **≤60\\**                    22            24   
   **\>60**                     22            24   
  **PT(s)**                     60            66   0.122
   **≤13**                      19            12   
   **\>13**                                        
  **AKP(U/L)**                  65            67   0.344
   **≤125**                     14            11   
   **\>125**                                       
  **Liver cirrhosis**           31            39   0.116
   **No**                       48            39   
   **Yes**                                         
  **Tumor size(cm)**            26            45   0.001
   **≤5**                       53            33   
   **\>5**                                         
  **Tumor number**              62            64   0.359
   **Single**                   17            14   
   **Multiple**                                    
  **Microvascular invasion**    29            27   0.457
   **Absence**                  50            51   
   **Present**                                     
  **Tumor encapsulation**       43            55   0.027
   **Complete**                 36            23   
   **None**                                        
  **Tumor differentiation**     41            43   0.403
   **I+II**                     38            35   
   **III+IV**                                      
  **TNM stage**                 27            33   0.188
   **I**                        52            45   
   **II+III**                                      

AFP, alpha-fetoprotein; GGT, gamma glutamyl transferase; TNM, tumor-node-metastasis; ALT, alanine transaminase;

TB, total bilirubin; PALB, prealbumin; ALB, albumin; AKP, alkaline phosphatase;

^\*^Fisher\'s exact tests; chi-square tests for all other analyses.

We also found that the lower expression of LncRNA00364 was obviously correlated with decreased survival and increased risk for postoperative recurrence in HCC patients (Figure [5B](#F5){ref-type="fig"} and [5C](#F5){ref-type="fig"}). Patients in high LncRNA00364 expression group had significantly longer overall survival(OS) (Figure [5B](#F5){ref-type="fig"}, P=0.015) and time to recurrence(TTR) (Figure [5C](#F5){ref-type="fig"}, P=0.017) than those in low expression groups.

LncRNA00364 expression was confirmed as an independent predictor of prognosis for both OS (hazard ratio=0.546, 95% CI 0.333-0.895, *P*=0.016) and TTR (hazard ratio=0.576, 95% CI 0.379-0.876, P=0.017) by using univariable and multivariate analysis (Table [2](#T2){ref-type="table"}).

###### Univariate and multivariate analyses of prognostic factors in HCC (n=157)

  Variable                                         TTR                   OS                            
  ------------------------------------------------ --------------------- ------- --------------------- -------
  **Univariate analysis**                                                                              
  Age, year (≤50 versus \>50)                      0.648(0.441-0.952)    0.027   0.587(0.382-0.903)    0.015
  Sex (female versus male)                         1.032(0.615-1.729)    0.906   1.149(0.624-2.116)    0.656
  HBsAg (negative versus positive)                 1.663(0.841-3.291)    0.144   2.936(1.075-8.022)    0.036
  HBcAb (negative versus positive)                 0.365(0.248-0.538)    0.000   0.230(0.141-0.376)    0.000
  HBeAg (negative versus positive)                 0.993(0.598-1.648)    0.977   0.422(0.195-0.916)    0.029
  HBV-DNA(negative versus positive)                0.916(0.624-1.347)    0.657   0.903(0.578-1.408)    0.652
  HCV-RNA(negative versus positive)                0.637(0.202-2.008)    0.442   0.277(0.039-1.990)    0.202
  AFP, ng/ml (≤20 versus \>20)                     0.543(0.370-0.797)    0.002   0.476(0.302-0.749)    0.001
  TB(umol/L) (≤20 versus \>20)                     2.147(1.238-3.726)    0.007   2.242(1.258-3.996)    0.006
  ALB(g/L)( ≤35 versus \>35)                       0.537(0.36-0.799)     0.002   0.596(0.382-0.931)    0.023
  ALT(U/L)( ≤50 versus \>50)                       1.313((0.822-2.096)   0.254   0.979(0.552-1.737)    0.943
  PALB(g/L) (≤0.25 versus \>0.25)                  2.376(1.487-3.798)    0.000   5.251(2.530-10.898)   0.000
  AKP(U/L)(≤125 versus \>125)                      1.263(0.778-2.050)    0.344   1.157(0.652-2.053)    0.618
  PT(s) ( ≤13 versus \>13)                         1.191(0.763-1.858)    0.442   0.797(0.449-1.414)    0.438
  GGT, U/L (≤60 versus \>60)                       0.846(0.563-1.270)    0.420   0.908(0.570-1.449)    0.678
  Liver cirrhosis (no versus yes)                  1.851(1.259-2.722)    0.002   2.148(1.365-3.381)    0.001
  Tumor size, cm (≤5 versus \>5)                   1.378(0.946-2.007)    0.095   2.243(1.418-3.548)    0.001
  Tumor number (single versus multiple)            1.574(1.007-2.460)    0.047   1.774(1.090-2.887)    0.021
  Microvascular invasion (no versus yes)           1.971(1.306-2.974)    0.001   2.620(1.585-4.332)    0.000
  Tumor encapsulation (complete versus none)       3.799(2.586-5.581)    0.000   5.214(3.358-8.095)    0.000
  Tumor differentiation (I + II versus III + IV)   1.151(0.794-1.667)    0.457   0.861(0.561-1.322)    0.493
  TNM stage (I versus II III)                      3.225(2.102-4.947)    0.000   4.649(2.653-8.146)    0.000
  LINC00364(low versus high)                       0.639(0.440-0.927)    0.018   0.591(0.385-0.909)    0.017
  **Multivariate analysis**                                                                            
  Age, year (≤50 versus \>50)                      0.876(0.565-1.359)    0.555   0.854(0.530-1.377)    0.517
  HBcAb (negative versus positive)                 0.466(0.247-0.880)    0.019   0.379(0.184-0.781)    0.008
  TB(umol/L) (≤20 versus \>20)                     1.050(0.541-2.039)    0.885   0.881(0.427-1.816)    0.731
  ALB(g/L)( ≤35 versus \>35)                       0.847(0.511-1.406)    0.522   1.058(0.605-1.852)    0.843
  PALB(g/L) (≤0.25 versus \>0.25)                  0.998(0.535-1.860)    0.994   1.752(0.738-4.157)    0.204
  AFP, ng/ml (≤20 versus \>20)                     0.622(0.411-0.941)    0.025   0.633(0.392-1.021)    0.061
  Liver cirrhosis (no versus yes)                  1.067(0.638-1.784)    0.804   0.995(0.543-1.824)    0.988
  Tumor size, cm (≤5 versus \>5)                   NA                    NA      1.507(0.877-2.589)    0.138
  Tumor number (single versus multiple)            1.045(0.595-1.837)    0.878   1.196(0.635-2.254)    0.580
  Microvascular invasion (no versus yes)           1.650(0.981-2.775)    0.059   2.385(1.220-4.664)    0.011
  Tumor encapsulation (complete versus none)       2.555(1.580-4.133)    0.000   3.485(2.060-5.896)    0.000
  TNM stage (I versus II III)                      2.356(1.333-4.163)    0.003   2.245(1.098-4.590)    0.027
  LINC00364(low versus high)                       0.576(0.379-0.876)    0.010   0.546(0.333-0.895)    0.016

Cox proportional hazards regression model.

AFP, alpha-fetoprotein; GGT, gamma glutamyl transferase; TNM, tumor-node-metastasis; ALT, alanine transaminase;

TB, total bilirubin; PALB, prealbumin; ALB, albumin; AKP, alkaline phosphatase;

HR, hazard ratio; CI, confidential interval; NA, not adopted; LINC00364, long intergenic non-coding RNA00364.

DISCUSSION {#s3}
==========

An increasing number of long non-coding RNAs have been discovered thanks to the advances in next-generation sequencing technology \[[@R12]--[@R15], [@R29]\]. However, our understanding of their biological roles, especially in cancers, are limited. In this study, we investigated lncRNA expression profiling in response to IFN-γ treatment in HCC cells and identified a lncRNA, LncRNA00364. We found LncRNA00364 displays considerably lower expression in tumor tissue samples than in matched normal controls. Therefore, we are motivated to study the functional significance of LncRNA00364 in HCC. Overexpression of LncRNA00364 results in a range of changes which may suppress tumor formation, including proliferation inhibition, cell cycle arrest, and apoptosis induction. These results suggest that LncRNA00364 may serve as a novel tumor suppressor in HCC.

Recently, several lncRNAs have been found to play important roles in modulating tumor-suppressor and growth-arrest pathways \[[@R30], [@R31]\]. The complement of lncRNA transcription is dynamically regulated under differing cell-cycling conditions and during senescence \[[@R32], [@R33]\]. Most of expressing lncRNAs are localized in the nucleus and some of them are exported to the cytoplasm \[[@R7]\]. Our results showed that LncRNA00364 was mainly enriched in the cytoplasm in HCC. Cytoplasmic LncRNA00364 affects the STAT3 signaling pathway activity by inhibiting the nuclear import of phosphorylated STAT3. The accumulation of STAT3 in the nucleus is tightly controlled. A number of factors regulate the STAT3 phosphorylation and alter its nuclear import-export dynamics \[[@R34]\]. We found that the phosphorylation of tyrosine-705 of STAT3 was inhibited by LncRNA00364 overexpression. LncRNA00364 directly interacts with STAT3 due to the fact that LncRNA00364 shares the same conservative STAT3 transcription response element as STAT3-activated target genes. Given that inhibition of STAT3 homodimers formation diminishes STAT3 activity, STAT3 may represent a potential therapeutic target for LncRNA00364 in cancer chemotherapy.

Our results establish a link between LncRNA00364, STAT3, and IFIT2. It has been confirmed that IFIT2 is an important tumor suppressor to tumor growth, invasion, and metastasis \[[@R35]--[@R37]\]. Aberrant activation of STAT3 has been reported in many types of tumors. As a downstream gene of STAT3, IFIT2 displays lower expression in tumors compared to paired normal tissues. We explore how STAT3 regulate IFIT2. We find that STAT3 inhibits the transcription of IFIT2 mainly through the T705 site, mutating out of this site promotes transcription on the contrary. We further explored the functional significance of IFIT2 in HCC. IFIT2 knockdown resulted in decreased apoptosis and increased tumor growth *in vivo* and *vitro*. Our results gave evidence that IFIT2 may be a downstream target gene of LncRNA00364-STAT3, and LncRNA00364 inhibits proliferation and promotes apoptosis through STAT3-IFIT2 axis in HCC.

To explore the clinical implications of LncRNA00364, we found that LncRNA00364 level remarkably correlates with several tumor characteristics including tumor encapsulation. The lower expression of LncRNA00364 correlates with decreased survival and increased risk for postoperative recurrence in HCC patients. Univariable and multivariate analysis reveal that the LncRNA00364 expression level is an independent predictor for both OS and TTR.

In summary, our study reveals that LncRNA00364 is a novel tumor suppressor and can repress HCC development by decreasing cell proliferation, inhibiting G1-S cell cycle progression and promoting apoptosis *in vitro* and *in vivo*. Mechanistically, LncRNA00364 specifically inhibits STAT3 phosphorylation by the interaction with STAT3. STAT3 inhibits the transcription of IFIT2 mainly through the T705 site. More importantly, LncRNA00364 may contribute to the development of HCC by activation of IFN-γ functions (Figure [6](#F6){ref-type="fig"}). Taken together, our findings revealed that the IFNγ-LncRNA00364-STAT3-IFIT2 axis exhibits exciting anticancer effects and provide new insight into a possible novel therapeutic avenue in HCC.

![Working model shows that LncRNA00364 may contribute to the development of HCC](oncotarget-08-102006-g006){#F6}

MATERIALS AND METHODS {#s4}
=====================

Xenografted tumor formation in mice {#s4_1}
-----------------------------------

Male nude mice and C57BL/6mice were purchased from SLAC Laboratory Co., Ltd (Shanghai, China) and were divided into two groups according to statistically random distribution. In one group, exponentially growing LM3 Cells, LM3-LINC00364 cells were harvested and resuspended in PBS buffer respectively. The number of 6 × 10^6^ cells in 200μl of PBS suspension were subcutaneously injected into the two sides of the back of 8-week-old nude mouse respectively (n=6 for each group). In another group, LM3-LINC00364-vector and LM3-LINC00364-ShIFIT2 cells were subcutaneously injected into the two sides of the back of nude mouse respectively. The size of the tumor was estimated according to the formula V=0.52 × L × W2 starting from 10 days after inoculation. All animal experiments were approved by the Institutional Animal Care and Use Committee of Shanghai in accordance with the National Research Council Guide for Care and Use of Laboratory Animals (SCXK \[Shanghai 2007--0005\]).

Plasmids {#s4_2}
--------

The human LncRNA00364 was subcloned into pcDNA3.1-Flag vector with Not1 and Bamh1.

Patients and tissue samples {#s4_3}
---------------------------

We recruited 157 pair patients with primary HCC from (Liver Cancer Institute, Zhongshan Hospital, Shanghai) which tumor tissues and para-tumor tissues were obtained from 2012-2013 in this study. 57 pair fresh HCC samples and para-tumor tissues were obtained for RNA extraction and qRT-PCR analyses. Informed consents have been obtained from all patients and the project had been approved by Zhongshan Hospital Research Ethics Committee.

Western blot and antibodies {#s4_4}
---------------------------

Western blot analyses were performed as described previously. Antibodies used in these assays are as follows: pSTAT1 (Lys310) (\#12629), STAT1 (4135), STAT3(\#4904), pSTAT3(Tyr705) (\#9145), pSTAT3(Ser727) (\#9134), antibodies were purchased from Cell signaling technology. IFIT2 (sc-390724) andβ-Actin (sc-81178) antibody was purchased from Santa Cruz Biotechnology.

Stattic (ab120952) was purchased from abcam. IFN-γ(catalog \#300-02) was purchased from Pepro Tech.

Real-time PCR analysis {#s4_5}
----------------------

Total RNA was extracted from cells with TRIzol reagent (Life Technology) following the manufacturer\'s instructions. Complementary DNAs were synthesized with 2 μg of total RNA using iScript cDNA Synthesis Kit (Fermentas). The detection and quantification of target mRNA were performed with real-time PCR.

Cell culture, transfection and retroviral infection {#s4_6}
---------------------------------------------------

HepG2, LM3, PLC, Hep3B and 7721 were obtained from the ATCC and were tested and authenticated by karyotyping. These cells were cultured in DMEM supplemented with 10% FBS, 2mML- glutamine and penicillin (50 U/ml)/streptomycin (50 μg/ml) at 37 °C under 5% CO2 in a humidified chamber. The transfection was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) as described. For viral infection, supernatants containing viruses were packed from 293T cells. When growing to 60--80% confluence, HepG2 and LM3 cells were infected with viral supernatants, and 5 μg/ml puromycin was added to select the stable cells. Cell cycle, cell viability and apoptosis assays were described in Supplementary Materials.

RNA FISH analysis {#s4_7}
-----------------

HCC cells cultured on a glass coverslip were fixed in 4 % paraformaldehyde for 30 min and permeabilized with 0.1 % Triton X-100 for 30 min. The non labeled control: (5′-CCTGGTTTTTAAGGAGTGTCGCCAGAGTGCCGCGAATGAAAAA-3′). The FAM-labeled LncRNA00364 probe (5′-TCACCCTCAAGCCTGGATA-3′), which was diluted in hybridization buffer, was deposited on a surface in a humid dark chamber. The glass coverslip was then placed face down on the drop and incubated at 65 °C for 3.5hrs. After the cells were incubated with the LncRNA00364 probe. We continued with several rounds of washing (which also includes an optional DAPI staining step) and finishing with mounting the coverslip onto a micro-scope slide using an anti-fade mounting medium.

Luciferase reporter assay {#s4_8}
-------------------------

293T cells were seeded 24hrs before transfection in 24 well plates at 50%-60% confluence. The IFIT2 or truncation reporter constructs were co-transfected along with STAT3 and mutation or vector using lipofectamine 3000. After 48 hrs, luciferase activity was assessed using the Dual-Luciferase Reporter reagent following the manufacturer\'s instructions. Renilla luciferase was used for normalization.

Statistical analysis {#s4_9}
--------------------

Significant association was defined when P\<0.05 compared with control by using the student\'s t test. Pearson\'s correlation analysis was used to determine the correlation of the expression levels of target genes using SPSS 19.0 software.

SUPPLEMENTARY MATERIALS FIGURES AND TABLES {#s5}
==========================================
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